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In this short course, we will address the following
topics
Two-phase flows hydrodynamics and pressure drop of
evaporating and condensing flows

Homogeneous Equilibrium Model
Separated Flow Model

Two-phase flows heat transfer and heat transfer coefficients
predictions in evaporating and condensing flow
Homogeneous Equilibrium Model
Separated Flow Model
This short course focuses on predictive methods for
calculation of two phase pressure drop and heat
transfer

TFAWS- 2016

August 1-August 5, 2016 3




NASA-Glenn Research Center Fluid Systems and Cryogenics ug Fluids and Transport Processes

One Dimensional Two Phase Flow
Definitions of Two-Phase Flow Parameters
Area
One Dﬁﬂ{ﬂmmak Two-phase Flow /?;’?F
A = A‘j’ LY il 1{
A= A f-\e?b F""tf AR (F ;
5L
Flow Rates
Mas¢ Llow yote Volum ebvic Flow Yate .
Wﬁ : \/\/j; [kﬂ/«s] &1 . 6?3(‘
W=Wﬂ*ch & :sz-@jc
™M ass \/ed\oc'.lhj
&G = V—;—} ch/-/m?.s
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HYRRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EVAPORATING AND
CRNREMINE FLQYYS

Liquid and Gas Phase Velocity

Phase Velocy

(s ] Recall
0)7 j— /@
y Qj S - S8 o W
= W[kg/s]=Q| — —
COqhg (’a 4 Lko/s] Q[ S }(p{mJ

+ Volume and Area Based Void Fraction

Void frackeon — \/o(ume based
Oly = Vg e

Ve +V
s
Void fvackum — Avea Based

o= A4 = A3/p
\

Volum edvic ?om{rﬂcﬂov\ 8.

B-Qa =Py - AL |
A AUl il Aﬂ*p‘*(é\ S= YaJug = skpwato

for Mozt aP{')U@\rLo'us S

For 3=1 —» Homogjen%{(ow = P = X | g
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+ Flow Quality

+ Flow &uai'dnj
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HYPROPYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND

+ Calculation of Void Fraction from Flow Quality

1

a[x , of_, 2g_, 5_] := W

Plot[{ct[x, 1.6, .013, 1], a[x, 1.6, .05, 1], af[x, 1.6, .013, 10], af[x, 1, .001, 1], x}, {x, O, 1}, Frame -»> True, PlotRange » {{0, 1}, {0, 1}},
FrameLabel + {"x", "a", "0g/pg=123,32,1000 & S=1,0£/Pg=123 & $=10", ""}, LabelStyle - (FontSize +18), AspectRatio .7, GridLines » Automatic|

Prlpg=123,32,1000 & S=1,07/p,=123 & S=10
1.0— . S

—F

0.8

Void fraction as a function of
quality for different density
ratios and slip factors

TFAWS- 2016 August 1-August 5, 2016
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HYRBRRYNAMIS3 ONR PRE3HRE RF

+ Average Density and Specific Volume of Mixture
Mixture Dén‘alﬂ P
P_ﬁf{j*'%& =°{Pj“‘Q’ But = (PS/{Q} ):gms -1 i
i = 1 o= A%
P Gfpﬂ-{'[‘l—of){:’f s+ Al1-x) |
4 ) i
P 'Xﬁ; oF"] + 14— xf 3 P
X +05(1=x) %05 + Pa(1-%)
s 1
Bl + 5 (7‘9&"’ Oy (1-%) —%f;)
e +(°‘j("") ~
*Ps *P’}(" x)
= ﬁ@:*f’ﬁ("'x) —
K00y + LPF 0Py (-x) R
= Zhabl) o BRI o e

WO + 509 (1 =¥
%-’l)j +(|—1c)v =

Ps Pq

7 )
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HYPRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOQYYS

Calculation of Average Density of Mixture

pavg[x , of , og | :=

1
xlogt (1-x)/pof
L(}gPlot[{ pavg[x, 1., .001], pavg[=x, 1.6, .013]}, {x, 0, 1}, Frame -> True, PlotRange » {{0.0001, 1}, {0.0001, 1.2}},

FrameLabel - ["'x"' . "5 [gp’cmS] ", "Df ,l'pg=1000—131ue , 123-Orange", "" ]. , LabelStyle » (FontSize »+ 24), AspectRatio + .7, GridLines » Automat'i_c'.]

plpy;=1000-Blue, 123- Orange

000 02 04 06 08 1.0

X
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOWS

Two Phase Flow Regime in a Heated Tube
Let’s define the flow and thermodynamic quality

&f = cownstant

Attributes of
thermodynamic quality

63(/' = Cowstant

Flow guality ({h < hzf:)/(g<0
wos LM W Subeooled Liguid
PourAg + 6 ug Ay | 't/ > n, = x,>1

Thermo (‘:\J{K\CLNJQ fér.(,(lL'jo;zLum ef,(a LLM Smpgrhfﬁtfm/ \/ﬁpﬂ//

"Mixz)\&jéui)n@ual{b] '
h/h’“'wmve f:m'i«a}m
e = —f
e

TFAWS- 2016 August 1-August 5, 2016
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONDENSING FLOWS

Homogeneous Two-Phase Equilibrium
Model

TFAWS- 2016 August 1-August 5, 2016 11
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HYRBRRYNOMISS ONR PRESSHRE REQP [N TWQ-PHASE EYOPQBATING 6MR

» Homogeneous Two-Phase Equilibrium Model

For the Howmogeneous Equilibrivum flow

sS=1 = X=X, for OSx, <1

x # xe because of the superheated Liquid layer near the wall

Homogeneous Two Phase Flow Model
Applicability to Bubble and Mist Flow

Assumptions
Q UT\I—PDJM\/'E'.DM[’%« L{pjl.:LL:E . > S

(@) Uvu.lqjvm \mfé.!.tur«e ?'] :/Ff :,1)

Homogenows e@(uitiravfu-m Model
i :"rjﬁl
P

=lotal presure > Xe=X Ogxes]

TFAWS- 2016 August 1-August 5, 2016 12
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND

CONDENSING FLOWS

Thermodynamics

Conservation of Mass

TFAWS- 2016

Conservation Laws and the Laws of

The First and Second Law of

Thermodynamics

dE

System
dt [**

ESystem — Moo edm :Lsystem epdv

2
e=U+—+0z
2

—Q-W

dS 1 .
E System2 ? Q

Ssystem = _[M o sdm :Lsysmm spdv

August 1-August 5, 2016
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONDENSING FLOWS

Develop a Control Volume Formulation from system
rate relations

For any extensive property N representing mass,

momentum, energy, entropy or angular momentum,

Thew, for any extensive property il hen =1

N=P, thenn=V

. N=H, thenp=7XV

N=E.  theny=e

N=S, theng=s
The following is true... _—

Nsystem /M (system)ﬂ ¥ (system)

TFAWS- 2016 August 1-August 5, 2016 14




Select an arbitrary piece
of fluid flowing at t=¢,

Die the piece in blue and
take the shape of this
piece as the control
volume which 1s fixed

In space

NASA-Glenn Research Center Fluid Systems and Cryogenics ug Fluids and Transport Processes

HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONDENSING FLOWS

Streamlines
attime, 1o ™\ Subregion (1)

(a) Time, 1,

Subregion (3)
of region 11

Control volume
(b) Time, 1y + At

description

TFAWS- 2016

After At, the system has moved to another point 1n
space yet the control volume 1is still fixed in space.

Examining the control volume/system pair geometry
at t,and ¢, + Ar will result in the control volume

August 1-August 5, 2016
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOWS

At t:tO’ the SYStem iS in Stregmlines Subregion (3)

the control volume. " N suregion g

At =1, + At, part of the '

system 1s 1n the control ‘

volume ‘

Three regions result. e s

Thgy are labeled aS 2)"‘ . z/l-x \ ‘\AControl volume

regions I, II, III | e e

N —N
dN _Iim S]t0+At S]to — Ny), = (New), I{Il:l
dt - System ) At=0 At
NF)IQ'I'&# = (NH i NIII)I(}‘F&I = (NCV - NI + NHI)m-}ﬂt

dﬂ) = lim Moy~ + Nm)y+ar — Nev),,
dt J; A0 At

TFAWS- 2016
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elo)d= D -

Since the limit of a sum is equal to the sum of the limits, we can write ldlentify the three
dN Ney — Ny N N reglons
_) = T )to+At )to b B III)10+Ar ~ Teus I)to-f-At 9

dt J; A0 At At—0 At Ar—0 At
@ @ ©) |
For reglon llI-lntegration over the Nev),sae —Nev),, ONey O
subregionsz Lim : "= = B TN
9 At—0 At ot ot Jev |

Subregion (3) System boundary
of region I1I | Aime A dNHI)tn +At (” p dv)ru+&r

dy = AldAcosoc-—Al =V« dAAt

lim
At—0 At

For reglon I-Integration over
the sub-regions 1

TFAWS- 2016 August 1-August 5, 2016
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONDENSING FLOWS

This yields

@—[) =2 npdV+/ npf/"-dﬁ+/ npf}-dz
dt system ot Jev CSi CSm

Since CS; and CSy;; form the Control Volume Surface, the last two surface
integrals combine into one integral namely,

o = — d¥ + / V.dA
dat system ot CvV bl CS ik

Reynolds Transport Theorem relates the rate of change of the extensive property N
of the system with the variation of the property associated with the control volume

TFAWS- 2016

August 1-August b, 2016 18
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HYPRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOQYYS

Physical Interpretation

@) is the rate of change of the system extensive property N. For
dt Jsystem example, if N = P, we obtain the rate of change of momentum.

0

£y - npd¥ is the rate of change of the amount of property N in the control vol-

ume. The term Joy 7 p @V computes the instantaneous value of N in
the control volume ( [y p d¥ is the instantaneous mass in the control
volume). For example, if N = P, then n=V and fcv V pd¥ com-
putes the instantaneous amount of momentum in the control volume.

/ npVedA  isthe rate at which property N is exiting the surface of the control
€3 volume. The term pV « dA computes the rate of mass transfer leav-
ing across control surface area element dA: multiplying by # com-
putes the rate of flux of property N across the element; and
integrating therefore computes the net flux of N out of the control
volume. For example, if N = P, then # = V and JosVpV « dA com-

putes the net flux of momentum out of the control volume.

TFAWS- 2016
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HYDRORYNAMICS AND PRESSURE DROP [N TWO-PHASE EYAPORATING AND
CRNREMINE FLQYYS

» One Dimensional Conservation of Mass, Momentum |
and Energy

+ Conservation of Mass
= o =0 Consenatiton &%MC\%C

My = IMW dm =jysym pdv

——

;5EY°(‘6: O

2
=3

L?d\/ + )(
1 5

. oq kT
Stovag a2 Mo JiMaﬁ.i‘ o

¢ %@AA% +NL@‘%2&Z/‘KV:O

%GSA) +%‘_;’ - o

TFAWS- 2016
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+ Conservation of Momentum

—

Mow et )\Lovtj Z Alrection . '@'w

2 L puds » fpuuedt = i,

Stoase Mom . st - Newr .t _=—b

TFAWS- 2016 August 1-August 5, 2016
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i =i’

CONDENSING FLOWS

Conservation of Energy

2

T LNE

g Znlevna | Bneve
Strage. L 1 ’

B/ud- _— —‘r'/\'
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+ Assumptions |
S‘hfdddil State. %t =0 i MQ clhewa . f‘@&{['lﬁfa @r”'r;—_g

Tuwhulay geomevid A =csust -

Neglect changes in Rinetic and potential energy

Assume constant properties for ndividual phases

%t@% +9£ =0 @sz4=§uh.h=£1ﬁx
Const. Aveo = Ceepnstant

Mowm :‘f”eﬁ;&'ﬂ“\

9 (5cH) + BEE) = ATy T _Farns 1
&(fu ;+§£\pu A= A —Te® -Fahss ; PurG-h =W

A B e .
Wgh = A de _Ten pageis

TFAWS- 2016 August 1-August 5, 2016
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+ Observations for adiabatic single phase and two phase
flows

Tor Adux bache Flow W = LoVt
»  Flow W, Heat '[‘Y‘.:imf:-gft?v W = ozt

@ Tor Adiabhe Flow  ab = tonst
Flow wi Heat -hansier Boiling — Flow occelowales
Csn dunoten —o Flow

— r—I
Remem per PLL-.- (:':1l = (e L. Decelé rat €4

%thﬁﬂ ’}Lﬁj D{/., F\ﬁ - A A
Cneleneakin o, o0 | B2y

TFAWS- 2016 August 1-August 5, 2016
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EVAPORATING AND
CONDENSING FLOWS

Solution
Solve the conservation of mass and energy first to obtain the

thermodg namtic qua Li,’cg
0

a(l_?A)Jr—:O

(,BhOA)+%(,5h°uA)= q'P, +q"'A+%(pA)

@
ot

> X

TFAWS- 2016
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EVAPORATING AND
CONDENSING FLOWS

Solution

After quality is solved for, solve the momentum equation to
obtain the pressure drop

X

ala

R oP _
(BUA)+ - (pu2A)= A+ P, ~ pghAsin(0)

9
ot
> AP

TFAWS- 2016
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HYRBRRYNOMISS ONR PRESSHRE REQP [N TWQ-PHASE EYOPQBATING 6MR

» Solution
) Mags + Eg‘ﬂévﬁ]u} — J—=Meswmentum —> o0
C{_ll'l _ I h )
&, = ho= by e g
heyg de =4 B = dxe = ¥ 4z
= W W%ﬂgq
: Py Eq." A
# xe : %“3,4- N W L’Lf—aj Jo ?
What 15 Ker ']&e.fi. “Therm nantic A doriwnn
C/{v\al[ hy &t anlet
YLew = i —he _ (h) i~ an
Eae e a—— );L
h4q " hg
= - Cpfllsat — [i) - C‘P_-j'* ATﬁub;[:
P Ny

gzqr#cl‘g

=]
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HYRBRRYMOMISS OMR PREISHRE RRQP [N TWR-PHOSE EYOPRBATING 6NR 1

+ Quality and thermodynamic quality

hi:t% > Yei =0

H zhik hy = o6Veixd
hi=hy = Rert = A
hi>hj = P |

For superheated region

B 2 Y .
Fai = M2 = Pyohy v by by 4 Gy e
fﬁ y“ﬂ A | LW%
= 41+ (;%1.4£ijétd
hyq
0 Xe £L0
X = Xe Oegl

4 Xes>d

TFAWS- 2016
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HYRBRRYNAOMISS SNR PRESSUBE RBRQP [N TYYRQ-PHOSE FYOPRBATING 6NR '
ONDENSIN OW |

For a uniformly heated cireular tube, find the axial location z at
which
X, =0 and x,=1

TFAWS- 2016 August 1-August 5, 2016
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2 N

CONDENSING FLOWS

Uniformly heated Circular Tube
Finding x(z), &(z), u(z)

Homogeneous Two-Phase Flow Model - Steady State Solutions

Region X a u
Subcooled G
z<z 0 0 E
Saturated 1
desad ] = (m,) G[x.v, +(1-x)v,]
pf 'xe
Superheated G
1 1 e
zZ> ZL‘ -l p8
- 50
18] NASA Glonn Ressarch Conter Prof. Issam Mudawar

TFAWS- 2016 August 1-August 5, 2016



NASA-Glenn Research Center Fluid Systems and Cryogenics ug Fluids and Transport Processes

HYPRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOQYYS

Numerical Example 1: Determination of Pressure Drop using HEM with Constant Two-
Phase Friction Factor for Heated Vertical Upflow with Saturated Inlet

Saturated water (x, = 0) at mass velocity G = 250 kg/m%.s
and inlet pressure of p, = 5 bar enters a vertical circular
tube of diameter D = 1 cm and length L = 100 cm, where
it is subjected to a constant heat flux ¢” = 10° W/m?2.
Neglecting any kinetic or potential energy effects and
assuming constant thermophysical properties, use the
Homogeneous Equilibrium Model (HEM) with a constant

|
|

N
S
S

i$+&+i+$$++$

two-phase friction factor f;, = 0.003 to determine the g’ = %
following: 100 W/
(Cl) Xe ( Z) > xe,L D=
® 2 few
z

(c) Ap, ‘ _L 0
(d) Apg ﬁ

G =250 kgim?.s
(e) Ap p,=5 bar

xd =0

October 2013 Short Course

NASA Glenn Research Cenler Prof. Issam Mudawar
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HYPRODYNAMICS AND PRESSURE DROP

CQNRENSING FLQYYS

Finding x,[z] and the
z location where the
thermodynamic
quality x,
Oand x, =1
Finding x,[L]
Finding x[z] based
on x,[z], and finding
x'[z]

wplz_] iz x [2]

TFAWS- 2016

\

Cpf ATzub #DD g

xel[z_] := + z
hfg W hfg
W Cpf ATsub
gxell 2 ————
> m DD g

Print["z|x-.=0 i= ", zxe0]

Z|%==0 is 0.
Ed xe[1l]; Print["x_[L]=", xe[L]]

%o [L]=0.759013

hfgw

Cpf ATsub W
zxel = + :

DD g DD g

If[zxel » L, zxel = L, zxel]:;

%[z ] :=Piecewise[{{0, =z < zxe0}, {xe[z], z > 2xe0 && =z < zxel}, {Min[xe[L], 1], =z > 2xel}}]

z [m]

August 1-August 5, 2016

N TWO-PHASE EYAPORAT

NG AND

p = 5(*bar#);
cpf = 4312 (*J/kg.K#) ;

hfg=2.108%10° (+7/1g4) ;

vE= 0011 (+m? /kg#) ;

wg = .3748 (*1‘.15,_-":kg*};

uE=180.1x10"% (skg/m.s+); pug=14.06x10"% (skg/m.s+);
g=1.0x% 1l:ll6 [*1’4‘}_-51?12*}; ATsub =0 (+°C#) ;

g=9.8 (*1?1.3_2*};
6=90/180 x;

DD = .01 (#m=);
L=1 (+m%) ;

G =250 [*]—;g;.-':mz .s%) ;

pp?2
w=en |— |;
4
nop?
A= (*1‘_14*_‘,-;
LY
peri =7 DD (+m#); DF = (#m#) ;
peri

vig = vg-vE;
ReyMum = G DF / uf;

Plot[x[z], {z, 0, L}, Frame » True, FrameLabel + {"z [m]", "guality ="}, GridLines » Automatic, LabelStyle » (FontSize » 16)]

o] Xe 20O
Ke OHegl
4 %exi

32
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOWS

Pressure Drop in Two Phase Homogeneous
Equilibrium Model

Solving for —dP/dz Wduw - _A [P = Cr B —-{5(?/4 SIHE T~

From Conservation of Momentum

é 5nzlt, o

Gavita tebnal,
. /

42 e

TFAWS- 2016
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HYDRORYNAMICS AND PRESSURE DROP [N TWO-PHASE EYAPORATING AND
CRNREMING EI—QY)@

+ Frictional Pressure
Drop 4 [/
. L 0w
« Follow along the = ZP % = = (J[TFZ ¥
line of a single fluid z

* frp Stands for the
friction coefficient

for two phase > —%g =12 1 %2(73{ 1")&?)).41)

. Acceleration Pressure | —4p /= Wdw = w4 W | = WZ;{ L
Drop %/3 ' A ' ’ 12

- Pressure Drop due to
Gravity

———
TFAWS- 2016 August 1-August 5, 2016
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONDENSING FLOWS

Observations

O

O

Adiabatic horizontal flows are used to determine the frictional
gradient from measurement of the total pressure gradient

August 1-August 5, 2016 35
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+ Two-phase Friction Factor

» dﬁi /; j[T/Jo é7 +z7‘_£;5)

Bj Ara 'Dj[' W 6"’\“, e 1 9’5 {'IOUQ Two phase |
S friction factor
= _¢ - & 7 thx |
( & ___PF) 4 __.g;/ /¥/
yr “Tr ;

- Z/?W(f ﬂ/7

D

= frv = dpo ) ) > st wscely
fo
_dp = G2
Z”L;a/r ?:1 ]3‘%{’;? /7 *zf.)ﬁ)
Jo

2

TFAWS- 2014, Cleveland OH August 4-August 8, 2014
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HYPRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONRENSING FLOQYYS

Pressure Drop Calculations/Constant Two-Phase Friction

Factor
D Use Constamt {7p

*ag FJCTP@QJLL1+XF%/J;j

Pressure Drop Calculations/Using Two-Phase Viscosity

Models
D Uz,»m Vi co.c'w Med els T L =% -
1442) e g 'j.{;-T
_ld _ )z @ | I ' J
SPzJ-" ~a 2);) 45 CiCCL;"'q&S al o= g + (-0
e v:r\.' \_—| I l f{); J
£ 2 £ 5 B e O | lDeklec (o) o D9y 4 (1) Dpp
o [C Drjl : '3 \ /Uf/ K 2 | j:"ui
1= 2 ’Vj + I-x“ﬂ vf
L /)

TFAWS- 2016
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) &l Two-Phase Viscosity Models -

ug ut
UMA[z ] == (#kg/m.s+) ; "McAdams" ;
x[z] uf + (1 -x[2]) ug
uClz_1 :=x[2] ug + (1 -x[z2]) uf (*kg/m.s+); "Ciccitti et al."; *
1- viuf
uD[z_1 := x[=] voug + ( =[=1) L (*kg/m.s+) ; "Duckler";
x[z] vg + (1-x[z]) v
Plot[{ uMA[=z], ucl[z], u[z]1}, {2, 0, 1}, Frame » True, Framelabel -+ {"z [m]", "yurp[kg/m.s]", """, """}, LabelStyle » (FontSize » 18), '

FrameTicks » Automatic, FrameTicksStyle » Black, GridLines » Automatic, GridLinesStyle » Directive[Dotted, Gray]]

0.00015 |
@

£
S, 0.00010L I
=,

o

< 0.00005[

0.00000p, . . o]

00 02 04 06 08 10

z [m]

coef = If [ReyNum < 2300, {c =16, n=1}, If[4x10° < ReyNum < 2x10%, {¢=.079, n = .25}],
If[ReyNum > 2x10%, {c=.046, n=.2}]]
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HYDRORYNAMICS AND PRESSURE DROP [N TWO-PHASE EYAPORATING AND
CRNREMINE FLQYYS

» Total Two Phase Pressure Drop

/w s
+ - | [
\dZTom R a%/ F AZ/A+ (‘{?/i

/ ¢
. 2 2 \
—'B?§TPC77)J£<'*%7;)§/‘

+ G Ppq QY

-~ Total Pressure Drop
Ap(z) = Apliquid phase T [
j:l&:o{D% c(%:“:)_n (l/(,?)n G? Uf(] +x(£) (%‘)) + G” vp d’;‘f)) + vf(ifg)‘?.{”} d’;“] +

Ap Vapor phase
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S ™/

CONRENSING FLOWS

HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND

Example Problem

Numerical Example 1: Determination of Pressure Drop usine HEM with Constant Two-
/ /] L4

Phase Friction Factor for Heated Vertical Upflow with Saturated Inlet

Saturated water (x, = 0) at mass velocity G = 250 kg/m?.s
and inlet pressure of p, = 5 bar enters a vertical circular
tube of diameter D = 1 cm and length L = 100 cm, where
it is subjected to a constant heat flux ¢” = 10° W/m2.
Neglecting any kinetic or potential energy effects and
assuming constant thermophysical properties, use the
Homogeneous Equilibrium Model (HEM) with a constant
two-phase friction factor f;, = 0.003 to determine the ¢’=

following: 10° Wim?

|
|

|

100 cm

y v ¥ V¥4

(a) x, (2),x,, D=
(b) App I cm

(c) Ap,

(d) Apg ﬁ

G =250 kgim’ s
(e) Ap p;=5 bar
x,;=0

L

Z

Lo

IR RILR

[

Prof. Issam Mudawar

“.V October 2013 Short Course
NASA Glenn Research Center
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HYRBRRIMOMI~3 OMR PRESLEE RERE M THRTHOF EXOLRBOTING OMR

Forming the Pressure Gradients Integrands

G DFY- LR v Zin|&
intMA[z ] '-—c [ ] - [z] 62 vE [1+:l:[ii:.I g]+GE vigxp[z] + g Sinf6] :
vE vE (1 +x[z] vig/vE)
GDF = vt Sin|6
intc[z ] :=— ¢ B jIC[z] c2 vE [1+ x[=] g] + g2 vigxp[z] + 9 5inl6]
vE vE (1+x[z] vig/vE)
G DFY - . 2in[&
intD[z ] :=— ¢ [ o [_l.ﬂ}[z] 2 v [1+ I—[z] d g] L viguxp[=z] + 9 5in6]
v vE (1 +x[=] vEg/vE)

Numerical Infegratfion

APMA[zz ] := NIntegrate[intMA[z], {z, zxel+ .00001, z=z}];
APC[zz_] := NIntegrate[intC[z], {z, zxe0+ .00001, =z=z}];
APD[z=z_ ] := NIntegrate[intD[z], {z, zxe0 + .00001, =zz}];
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Plotting AP as a Function of z

pPa = Plot[{ APMA[z], APC[z], APD[z]}, {=, zxe0, zxel}, Frame + True, FrameLabel + {"z [m]", "APy, 57 [BPa]", "", ""}, LabelStyle + (FontSize » 18),
FrameTicks » Automatic, FrameTicksStyle - Black, GridLines -» Automatic, GridLinesStyle - Directive[Dotted, Gray]]

ppsi = Plot[{ AmMa[=]/ (1.013x 10°) 14.7, Ac[2] 1/ (1.013x10%) x14.7, Aep[2] / (1.013x 10%) 14.7}, {2, zxe0, zxel}, Frame - True,
FrameLabel + {"z [m]", "APp +57 [psil™, "", ""}, LabelStyle + (FontSize + 18), FrameTicks + Butomatic, FrameTicksStyle + Black, GridLines + Automatic,
GridLinesStyle + Directive [Dotted, Gray] ]
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ApVaporphase
I P =5(+xbars);

Cpf = 4312 (+J/kg.K+) ;
hfg=2.108x10% (20/kge) ;
vE = .0011 (#m3/kgs) ;
vg = .3748 (+m3/kg+) ;
uf =180.1x10"° (skg/m.s%) ;
ug = 14.06x107° (+kg/m.s+) ;
qs= 1.0x106(*W/m2*);
ATsub = 30 (+°Cs+) ;

g=9.8 (*m.s'g*);
6 =90/1807m;

DD = .01 (+m+) ;
L=1 (+m#);

G = 250 (*kg/mQ.s*

i &

DD2
W=Gm | —|;
4

7 DD2
T
(+m?%) ;

4a
peri=aDD(+m+); DF = (#m=) ;

peri
vig = vg - vE; ReyNum = GDF / uf;
ReyNumg = GDF / ug;

G o2
z]x,-—-o Dr M

» Cases Using the Homogenous Equilibrium Model

Ap(z) = Apliquid phase T [

)" () @ ulz () + & oalS2) + it} #4] +

Finding x.[z] and the z location where

the thermodynamic quality xo.=0 and x.=1

Cpf ATsubb & DDg
- + =

xel[z_] :=
hfg Whig
W Cpf ATsub o o
zxel) = ———— ; Llph = zxe0; r» z< zxel}, {xe[z], z > zxe0 && z <:
DR {Min[xe[L], 1], z > zxel}}]
x[z ] ==
=[] Piecewise[{{0, z < Llph}, {xe[z], z > Llph && z < intL},
{Min[xe[L], 1], z > intL}}]
0.69%7647

xp[z_] :=x"[z]

Plot[x[z], {z, 0, L+ .5L}, Frame -» True,
; L2ph = zxel; FrameLabel » {"z [m]", "Quality x"}, GridLines - Automatic,
7DD g 7DD g LabelStyle » (FontSize -» 16), PlotRange » {{0, L}, {0, 1}}]
If[L2ph < L, intL = L2ph, intL = L] ;

hfgw Cpf ATsub W
+

zxel =

10
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HYRBRRYNAMI<3 ANR EBE§M RBE N TQ:EH6§E FYOPRQBATING SNR
= REDRI atd

- * «S%); r
x[z] uf + (1 -=x[z]) pg

HC[z_ ] :=x[2z] ng + (1 - x[z]) puf (*kg/m.s%) ;

"Ciccitti et al.";

1- £ uf
ot or S G e ot

‘ w te=-079,n="25}]
If[ReyNum>2x10 Jie = -046,n -T2} |
{0.079, 0.25}

LogPlot[{ uMA[z], uC[z], uD[z]}, {z, 0, 1}, Frame » True, u
FrameLabel_){llz [m] II’ "nuTP[kg/m's]"r IIII' IIII}’

If[ReyNumg < 2300, {c =16, n=1}]
LabelStyle » (FontSize » 18), FrameTicks » Automatic,

I£[4x10° < ReyNumg < 2x10*, {c¢=.079, n= .25}]

FrameTicksStyle » Black, GridLines » Automatic, ! 1
GridLinesStyle » Directive [Dotted, Gray]] 1f [ReyNuMg >2x107, {c=.046, n= ’2}]

{0.046, 0.2} |

aeqgnt T

2 1.x107! <

:25_,(10-5 Ap(2) = Apllquuiphase”‘[

Eoxqo8l N T {Z(GDE)_"(M)" 2 ( (g&)) 2 (dx(&) g sin(®) } ]
L L d 2)" GP o1 +2(8) (22)) + G v S5 )+v,(l+m T dd
’ 00 02 04 05 08 10 P

z [m] (Z‘EVapor pha?e\)

2 ¢ ReyNum ™™ v£ G2 Llph
2 APMA[zz_] := NIntegrate[intMA[z], {z, zxel + .00001, =z2}] + +
] DF
gSinf[e] 5 2 ¢ ReyNumg ™ v£ G2 (L - intL) .
vE (1+x[z] vEg/ vE)

DF ’
intC[z_] := —c[GDF)_n (uc[z] vf(1+ m)
v

2 2 ¢ ReyNum™™ vf G2 Liph
+G” vEgxp[z] + APC[zz_] := NIntegrate[intC[z], {z, zxe0 + .00001, =z2}] + +
DF
gsin[e] 2 ¢ ReyNumg ™ v£ G2 (L - intL)
vE (1 +x[z] vEg/ vE) DF .
2 GDF\-n (uD[z] \n x[z] vE
intd[z_] :=—c[—) [L) szf(1+M
DF uf uf
gdidiod 2 ¢ ReyNumg™™ vE G2 (L - intL)
vE (1 +x[z] vEg/ vf) oF

2 2 ¢ ReyNum ™ v£ G2 Liph
= ) +G" vEgxp[z] + APD[zz_] := NIntegrate[intD[z], {z, zxe0 + .00001, =z=2}] + ¥ L +

DF

’
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rr [(m] ", cal LF&] I
LabelStyle » (FontSize —» 18) , FrameTicks —» Automatic,
FrameTicksStyle » Black, GridLines » Automatic,

> {"z [m]", "AProta1 [PSi]"
LabelStyle » (FontSize » 18) , FrameTicks -» Automatic,

FrameTicksStyle -» Black, GridLines -» Automatic,
GridLinesStyle —» Directive[Dotted, Gray], PlotRange -» All] GridLinesStyle » Directive [Dotted, Gray], PlotRange - All]

oY)

~J

APtz [psi]

—
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HYDRODYNAMICS AND PRESSURE DROP IN TWO-PHASE EYAPORATING AND
CONDENSING FLOWS

Pressure Drop 1in Separated Flows
Slip Flow Model
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_ ) /\ ) A D A\ _ ) . |
NO-PHASE SEPARATED FLOWS-SLIP FLOW MOE

B reatures
_ Allows Fov ctt‘ﬁemmm L ?})hagé VeloaitHeg
_ Intended 4ov annular and stratified flows,
L 3@9@*{‘0&6 P\’f\dl»‘&és ot i Alvi A ua /}aff\as&

N por

e Q"LA'( (‘

_ Diferent+ but Uniform
/PVﬁaeéa Veldctsg J{O

_ Uaiformn PrESSUIL ey enthirz Low area

B=P b
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WO-PHA P ARATED FLOWS-SLIP FLO OD |
10 ODO =< )X (Y] |

AAC Y=L L

B Pasic Relatiusns

Q W,
Ug = =3 . = X3 but Aq/A = = A=A

4

% W W
e uj} % a(A (Doj oL A \_%! =
g = X&
3T o
u‘_s'_::. [1_’__()9__)_@;_ ’PYOYY\ Uj = C;:.)_{.I
(4 -—04) & Ay

\'o-—_- O(f),j 3 (1 -—p{/pf_ Howavev 3S# 4

Tn the Homggamsms e_o(uil(ba/ium ™Mode | 5y We de vded

A :U_‘_%%.ki-rx /\Jg_éuﬂ‘ws«ms based on

}‘5‘ S=4
__45 #T)‘: because 3 # L

Vo ~frachon becomes ari unknouwy vy th thie -Formaloﬁw
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“._lg 9!9 [ ) Y AA ) AA ‘A‘.-

E0onservahim Laws /Mase bsngervation
: eTransPoerd Theorem

| € Ofot LQCL\; + fsp_kiwd‘s’ = )

| 7 B % Ay

R i 2 M) *2[0us A i
2 I, 8 ST i 2 §ool
ot (93 Aj) —1—52(\0? btﬁ ﬂ) \Oﬁuj W 1 Az at@c A ﬂAZ'

2 b Wiﬁ =i P:Fuji A‘f
> 2 (oA +2, xwW) Wiy =
% qum/% -ngc

(B T3P A us) +Wyy =0

> 2 [@c(\—oe) A+ %2@—%> w] + Wi =0

TFAWS- 2016

August 1-August 5, 2016 49




TWO-PHASE SEPARATED FLOWS-SLIP FLOW MODEL |

@Cpm’mnw) e A /Pmaies
%{[%NAJF(JH;_&)A‘ +g_i(w> =0

B 2 [BA 42 (W) =0 Wiea Qanclled when
ot | | ] ( > aojﬁvﬁbmmtj both /Phauée,s
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“._lg 9!9 [ ) Y AA ) AA ‘A‘.-

(O Mom endtum Csnservation
It W dv o+ ( (bW &, .ds = 2 F
|, 9 v + | o -

\—f»‘q‘\—d

Raute 6L Moms Mom. ijM - Ne+ fovie.
Stova e Mom. A on GV,

o sl o) 52
i U+ Ay *§£<P+ Li} /L\S_/ A2 7}7 'P;:j;

N A5 . 5 2176 P3 Aq X J i 3@2@9#‘3‘)&4‘?&.

[ S Cihas
Py Ay JAZ PE3I2 f?%tb%

- 5 A2 o L
A:S, ’P%%d‘ %A}Mj’g ne

Conservd hon @f M omentum s
i = i g
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& ‘\/&Pav (Z hase, |

& (PqugocA) + Dz (@3 U oA) —Wfy U = ol AT, P Z Py~ U R ppihsie
& Liguid phase |
on (ch g ;-o()}\> +'a%§'\<:j( UL (1 =t JA) + Wiy
= _( ) -wz) AP *Tr{, P, + e P =G (1 ) Age1ad

‘. /\ ) A D A . ‘ _ » “
“._lg 9!9 )  YAA - .AA

& Combined
a,,:(\/(/ +22_[pgjoz + 05 (1 -o(/MﬂAl

= —AQH "8,:0)? " ?3’; -L@jou@c(n-& ]Af]sme
_Jm-ef acial +erons Conael swt —
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.' A DA PR A ) . _ » “
“._lg 9!9 [ ) ( YAAD - .AA

' MQSS/ Enerénj f/» Momeﬁf‘fu.m
@ Moxs 2(fA) +2:w) =0
’ M omentum 9—tQ’\')+9 ([%Dg(? (XJ- G ( |—o< <Q*><) A>’(A

tr (1=
= T ‘@Fﬂ 2 ‘@ES. B — P Aqone

Cowvi sevviatian ﬁ,ii néra g .

Jq

Tdernal r%'vwwju > heat , and wovk,
1. [Pﬁ ﬁa’A ey \—oz)f\,+3%’xwh?‘+(l—x)wh{( (@r P“‘)+9r” p#)
4 {a”f (xA.;_e};/(( ,x j +a,c( A)

L T3
Here TR i _
)’\ h +U7/2 +g%sw\9 1’3 :if\* - o %f. HLgfsw&
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A PARAIED - -SLIF -~ OD
AA._!Q 9!9 ) ( YAAD - ‘A‘.-

L Y AA

1 ﬁtead,ug State and other 6\M@&i%’€&h&ﬂs.

Steady Stale  9p ( ) =0 = lontinuiiy yielels
=% 92' W =D = W

= &

s
h _sh,

Ot = G A
Connstond

Wof

W rka A epst

M:%)ﬂ X = Xe
M om ey e A
2 o [ =) | —dD — Tabe - P 2
ik NE PRt Y Tl Ll b e e
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WO-PHASE SEPARATED FLOWS-SLIP FLOW MOE
‘E'm-‘z‘m%u3

WC_.{_%—@—// PH h:h}'f’?({h_fﬁ

a’r”rp{.,t :Qr% Pqﬂ +?_;c 'F"u)f
% d_%z: %//g-l
Oz th‘)
. %
- Ye(Z) = Xe + B | 4

We Knows K Ezj

> Tn+te momentum eor/«ahfsm, ol and TV ave
—H1ie WU ErWOUWINAS
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ARATED FLOWS SLF o
9 ! 9 - ( VAN - . AN “

‘. /\ »
AN -_lQ

As i Ha pre VidUs vy mulatum

—4—9 EA R ﬁ’ ‘“‘%P& A«’f‘ ,dgpzsév

@'F?r(chbv\a |

. e . BN B 4 et Dived
"aap/ - F_%jp%%“jfé?)%.(b”g

do] = Faane = | - ~
—Zsz = gs‘m@___ko(% +,\| 0(/)@)261)’\8
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WO-PHA P ARATED FLOWS-SLIP FLO OD |
0O ODO =< 1 (X]

AAC Y=L L | ) ( YAA - L

@Qva\fﬂ«ﬁ
~€8 |, = fgriea [ mpy «-x [qee

| @ Acceleram
s A)a =)= a0 Y]
%P =& [,ﬂ& B L)

4 =od

|
|

when Placihina A& Neguaible
) e

= K # F(p
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0. > FLC OW MOR
() <" () =< D<K

L) ()
Martinelli-Nelson Method for Separated Flow Pressure Drop

[ J /\ A IV AN
1) 2018 B
— W A ¥ b, | J

k

) = App + Apa + Apg
i

(Friction)

5

100

N
5
Il

1 220 p
1 220 i 4 = Asx, 7, Ap. 7 7, especiall ‘
" Asx; 2, Ap, » 7 (bar at low prestures : Yi{ber)

= AspYy, x; has stronger effect

® Do =220.55 bar
TiMarthell Neloon (1948){: ngrri]zgntal flow: no r, ‘ ¥ 22 r. 32 g 4 - f (p in’ xe,L )

Steam - water
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Q_PHA§E SEPARATED FLQW§—§LIP FLQ QDEL

A\ A VA A N I il \Al

BV 5 m w0 x00 psia
2 x 0 w20
1
52 50 100 200 500 1000 2000 3000
1000 \\“ ' —r T v ‘ psia
——— 00 . ExIt quali 100 ] 9_2?
NN N\ . 1
A N 90
\\‘\:\‘\ 5070 3
\\X\N\\< 80 &\ |
NN g A [
100 \E . \\\
= S \Q% 100% Exit quality
= SIS TRECTRS ) 00 <L g0
N N SOLXONL A 10 — = N t ,I r”
NAAXNNAYN 1 < u = 2
r; NLOCRXNDR |1 IR
= @ \Q~ S
L \\ \\>2><\ t\:N ! r3 > 2 o 4 4 L
0 o - S~ S ™ N of
. 7 - \\ \
- S \\ \+‘~ \\ /20
e | l ;< \\\ N = ~ — E S —5'
! T \ A h\ ] - X //
; iy / NN \‘“ — - S N p
> =, 3 ..~~ ‘\
< X
Y o1 |
A NETTANY | T
N ; M 4 2 e e 0 00 200 Bar
I "\ 520 % 00 200 500 1000 2000 3000 paia
Lok 7 v ©  ® % wm m Bar Pressure
) e R S e 30 xm psia
Pressure
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PRESSURE DROP IN SEPARATED FLOWS ||

Pressure Drop 1n Separated Flows
Lockhart-Martinelli's Approach for Adiabatic Flows
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DB » » » DA D A @
SESSURE DROP IN SEPARATED FLOW w -

Separatad Flow Pressure Dp Caleulations
| Lockhrawrt —Marttnel) | Method.
O AésumEhDV\s

ey bow V53U
_ Horzavital _
- Adw@bafu. (aw»wzﬁer)

T @f‘-‘:w
- i

Rasie »l%r Aevelo ;;r"nem%- cﬁ:{' new (orre \ateens by
237

Manuy 'authors
pe4 ¢ 4z
x = — C?-:’

-] -%

-(de) = 2, 0xfor | 4 - A R, =GUX)Dr

~

’ji’:{, De T Qe; / /L:(f
fdp V= 2hG , 4 LA, R QXD
gﬁ:g ) T4 7 e

Dr
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| (O Lock.bhacd ~Maor ‘nelln Farameter
| LO\YY\:\K\OL‘( A: |\ Nn=A
Tuv bulend+ A= .odb N=.2 ’

- dp |
><2.: Cl2Z f’
% %@2 [?f
| .7 Seq«(eﬂ@ of (ol uy lation
— Q&\ven »*f) 2 7‘(1/ & , De
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) al.

Example Problems

"Fluid is FC-72"

P = 2(xbars) ;

Cpf = 1136 (+J/kg.K+) ;

hfg = 87272 (+J/kgs) ;

vE = .0006515 (+m>/kg=) ;
vg = .0387 (+m’/kgs) ;

uf = 389.0x10°% (skg/m.s54);
ug=12.3%x107°
g=.0062 («N/m=) ;
q=4.0x10"(+0/m’+) ;
ATsub =0 (#°Cx) ;

2

(*kg/m.s=%) ;

g=9.8 (#m.s"
e=0/1807m;
DD = .005 (+m=+) ;
L=.25 (xm=);

G =250 (+kg/m”.s4);

*);

W=Gm pD? ;
= el K
7t DD? p

A = (+m~=x) ;

perli = nDD(+m=*) ;

DE.=

peri Lelelé

vig =vg - vf;
ReyNum = GDF / uf;
ReyNumg = GDF / ug;

R 1N EFABOEL

24

a-0Orange, x.-Blue

0.15 020 025

z [m]

[ [
v v
Quality as a Function of z, x.(z) 1.0
. _CpfATsub 7DD g
xe[z ]| := —hfg + Wheg 0.8
xe0 = xe[0] = 0.6
xel = xe[L] ;:B 0.4
0. 0.2y,
0.0 i :
Gatonsy 0.00 0.05 0.10
zxel = m; Llph = zxe0;
nDDg L
zxel = LEiL + M; L2ph = zxel;
DD g DD g

If[L2ph < L, intL = L2ph, intL=L]; ff[z_] :=

Friction Factors on the liquid and gas sides

l Piecewise[{{ls (G u”‘:f[z]) DD

{.079 (G(l*":%)—.zs

Void Fraction and Quality

;2000 < (

{046 (G (1 -xe[z]) DD)"?, (G (1-=xe[z]) DD

),1, (G (1—x:f[7-]) DD) <2000}.

G (1-xe[z]) DD

- )<20000},

uf

(Zivi, 1964)

fglz_] :=

s ) >20000}H «

Piecewise[{{ls (G (xe[=]) DD)

,1’ (G (xe[z]) DD) <2000}.

[z ] (l 1-xe[z] ( )2:’3) ug ug
Gi[~ ]| 8= + .
- xe[z] {.079 (M) 25,2000<(M)<20000},
ug Hg
Plot[{xe[z], a[z]}, {z, zxe0 + .00001, intL}, {.046 (G (xe[z]) DD)*-Z' (G (xe[z]) DD) >20000}}]
Frame - True, ug ug
FrameLabel » {"z [m]", "xo, a", e
Constant C
"a-Orange, Xg-Blue", ""},
LabelStyle - (FontSize » 18), CClz_] :=
G (1- DD G DD
FrameTicks - Butomatic, FrameTicksStyle -+ Black, Piecewise[{{s, ((1{“#) < 2000 && (%) < 2000},
GridLi Automatic,
ieiames o Sutonatie {12, (w) <2000 && 2000 < (%;”DD)},

GridLinesStyle - Directive [Dotted, Gray],

PlotRange - {{0, L}, {0, 1}}1| {10, 2000 < (

uf

20, 2000 < (G_(l‘_"e[i]_)ﬂ)

G (1-xe[z]) DD) -

&& 2000 < (

TFAWS- 2016

(G(xe[z])DD

= ) < 2000},

G (xe[z]) DD)}}]
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SERURE LA 1IN ODOIER LYY

Frictional, Acceleration and Gravitational

Pressure Gradients

dpdzF[z ] :=
op 26 VELE[z] (1-xe[z])? APg-Blue, AP 4-Orange, AP5-Green, APr-Red
cC[z] vg fg[z] xe[z]? o 1200+
L T Eff[z] (1-xe[z])? = :
vE fi[2] (1-xe[=z])2 v - = -
J wg £g =] xe[z]2 & 1000.—
< : : : : ; :
dptzns ) 1-ve [ELED TS | (el ) o 800
al[z] vE (1-a[z]) o -
apdzerz ] := (L2h (1-a[z]) ) gsingel <1 600r
vg vE << -
o 400}
L L
Integrated Pressure Drop, AP= J; —(dp/dz)dz o 200%
APF[z ] := NIntegrate[dpdzF[zz], {zz, zxel, z}] <] [
e :=szf[(xe[z])2qu+(1—l(xe[z1))2_1] T T T T (R T
et S 0.00 0.05 0.10 0.15 0.20 0.25

APG[z_ ] := NIntegrate[dpdzG[zz], {zz, zxel, z}]

z [m]

Plot[{APF[z], APA[z], APG[z], APF[z] + APA[z] + APG[Z]},
{z, zxe0 + .00001, intL}, Frame - True,
FrameLabel » {"z [m]", "APy, AP,, APy, APp [Pa]",
"APr-Blue, AP,-Orange, AP;-Green, APp-Red", ""},
LabelStyle » (FontSize —» 18), FrameTicks » Automatic,
FrameTicksStyle » Black, GridLines —» Automatic,
GridLinesStyle » Directive[Dotted, Gray], PlotRange —» All]
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Pressure Drop 1n Separated Flows

SFM with Mudawar's Universal Evaporating Flows
Correlation

TFAWS- 2016

August 1-August 5, 2016 G5




Contraction 1@ ‘ 10 Recovery
Liqguid 3¢ Saturated Vapor

Subcooled
A complete model must be able to tackle 11 components:

+—— Dominant component

October 2013 Short Course ST Ny o Flow
[] NASA Glenn Research Center  coUrse: Two-Phase Flow  Prof. Issam Mudawar
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N;SAi

More Recent Efforts

Most published correlations for two-phase pressure drop recommended
for relatively large tube diameters. Popular and successful correlations
include those of Friedel (1979) and Miiller-Steinhagen & Heck (1986)

Small diameters crucial to reducing TCS mass in space systems and
ensuring gravity independent evaporation and condensation

New efforts undertaken at Purdue University Boiling and Two-Phase Flow
Lab (PU-BTPFL) to derive universal correlations for small diameters (less
than ~ 6 mm) by amassing published data for many fluids and over very
broad ranges of operating conditions for:

» Adiabatic and condensing flows
» Evaporating flows

The Purdue correlations are being tested against newly obtained
microgravity data

October 2013 Short Course

NASA Glenn Research Center Prof. Issam Mudawar

TFAWS- 2016 August 1-August 5, 2016
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al).

Limitations of Two-Phase Flow and Heat Transfer Correlations

* One-phase: forced convection in a pipe:

Nu =0.023Re°*Pr" { Re >10,000
0.6<Pr<l
1T, =f(H2, Ha) < Pr <160
Very powerful correlation applicable to many fluids over very broad range of

flow conditions

* Two-phase: steam-water critical heat flux in a pipe:

f
I, ., <11, <11, ..
" 2 AT H3.rm‘n <H3 < HS,max
_qm_=f(£f;’ G L,g&f -Wb,é, G 3 ae < Hd,min <H4 <H4,mm
Ghy, P, OpP; hy, D p,+gD o< <l
Hl = f(Hl’HZ’HB'H4’H5’H6’ ) o H6,mm <H6 <H6.mar

Simultaneously satisfying ranges for several parameters greatly limits ovérall
usefulness of correlation ... Correlations cannot be extended with confidence to other
fluids and/or beyond their validity range!

October 2013 Short Course
NASA Glenn Research Center : ' Prof. Issam Mudawar

August 1-August 5, 2016 68
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SEXSURE DKOP IN

TFAWS- 2016

August 1-August 5, 2016

|

Dimensionless Groups Emploved by Various Investieators in Prediction of
I'wo-Phase Pressure Gradient
Liquid- or gas-only Re i GD, S R GD,
Reynolds number: AT LAl
Superficial liquid or gas  p, _G(=%)D, o _GxD,
Reynolds number: s u, i
Density ratio: ¥
e
Weber Number: We = 4
Py g :
; W,
Capillary number: o e L
PrO\ Re,
/
Liquid- or gas-only g . PN e o S B D,
Suratman number: fo W We )’ "% W
Gz
Froude number: Fr= 3
gDIr pj
g(p, -p,) D}
Bond Number: ;7 o i (R ¥ £
o
Confi t Numb N - ( \/ ] )
onfinement Number: cof ™ -al—
glp, -p )03\ 1 Bd
- D?
Galileo Number: Gi= Pr g(p, p‘) 2
October 2013 Short Course
NASA Glenn Research Center

=

=\)

Inertia
Viscous force
Incrtia
Viscous force
Liquid density
Vapor density

Inertia
Surface tension force

Viscous force
Surface tension force

2
Re,,

We ] 7
Inertia
Body force

Bouyancy force
Surface tension force

Surface tension force
Body force

Prof. Issam Mudawar
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BERRKDE RS 1D

ARA

Two-phase pressure drop:

4p,

=Ap, + Ap; + Ap,

Accelerational pressure drop:

_(dp) G? d v, X +v[(l—x)

a (1-a)
Gravitational pressure drop:

Frictional pressure drop:
Homogeneous Equilibrium Model (HEM)

2- 23
x|\
where a=|[1+|—*||-
x. J\v,

1-x

(Zivi, 1964)

-(j_,z))c -[ap, +(1""‘)40,]g.s’imj;

Separated Flow Model (SFM)

=\)

Pressure Drop in Saturated Two-Phase Flow Region

4, >0
8p, <0

for boiling flows

for condensing flows

gg) 2f, pu’ 2f,u,a’(1”v
dz D D,

"

f, =16Re;
f, =0.079Re;"*
f» =0.046Re*

for Re, <2 000
for 2.000s Re, <20,000
for Re, =20,000

GD,
where Re, = —
!

#)48)7
_( 2f,v

f: =16Re;’

£, =0.046Re;>*

f; =0.079Re*

. L (deldr)
wher -l : -__J.
SR X ? (dp/ ),
G’(l z) _(Q) _2{ v, G x*
)
dz}, D,

for Re, <2000

for 2.000=Re, <20,000

for Re, 220,000 wherek=forg

Two-phase pressure drop:

5 HE)

p 'dp)
| |dz
dz )/, (dz A]

October 2013 Short Course
NASA Glenn Research Center

August 1-August 5, 2016

Prof. Issam Mudawar
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New PU-BTPFL Two-Phase Frictional Pressure Drop Correlation for
Evaporating Flow in Small Diameter Tubes
Consolidated database: ¢l 1 2 (dp/ dz
D g I ) !

dp) dp\ .,
2378 boiling pressure drop data points (:f) =("}—) o, where ¢‘? =1+ X + ? - = (d r )
from 16 sources </ \GZ/, p/dz

() AUt (i) 2400
- Working fluids dz}, D, dz/, D,

R12 R134 45 : f, =16Re;" for Re, <2,000

SRR, f. =0.079Re:** for 2,000= Re, <20,000
s pydradie diam . f, =0046Re;** for Re, 220,000 where k= for g

0349 =« D <=535mm

L

for laminar flow in rectangular channel,
fiRe, = 24(1 -135534+1.94674* -1.7012" +0.95648' -0 2537;3‘)

G(1-x)D, ;Re{-G‘D" ; b oD,

Re, = -
d Hy e

F

109
P
C= Cnon-boilmg l’l +530 We;)ojz(Bo _Psi) ] Re/ <2000

C=C

non-boiling
F

07s
1+60 Wej,” (Bo %L] ] for Re, 2000

%'Bo=—q’!l—

where -
Wes p;o Ghy

q. effective heat flux averaged over heated perimeter of channel
Py, heated perimeter of channel
P, wetted perimeter of channel

October 2013 Short Course R, e P
NASA Glenn Research Center  COUrse: Two- se Flow  Prof. Issam Mudawar
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B

Example Problems

"Fluid is FC-72"

P = 2(xbars) ;
cpf = 1136 (+J/kg.Kx) ;
hfg = 87272 (+J/kg+) ;
vE = .0006515 (+m?/kgs) ;
vg = .0387 (+m®/kg+) ;
uf = 349.0%x107% (skg/m.s+);
ug =12.3%x10°° (skg/m.s+);
c=.0062 (+M/m=) ;
g=4.0x10%(+1/m"+) ;
ATsub = 0 («°C=) ;
g=9.8 (sm.5"
e=0/180mx;
DD = .005 (+m=) ;

= .25 (sm=) ;
G =250 (*kg/mg.s*) ;

*);

W=0Gx {DD2]'
= el
2
A (+*m”%) ; peri = DD (*mx) ;
A
DE= —— (sms);
peri

vEg = vg - vE;
ReyNum = GDF / uf;
ReyNumg = GDF / ug;

q

BoNum =
Ghfg

G? DF vf
WeNumf0 = ———

Cpt A!:ub zw 7DD g
xe[z_] : Bfq whfg z
xe0 = xe[0] ;
xel = xe[L] ;

W Cpf ATsub :
zxel = W ; Llph = zxe0;
hfg W Cpf ATsub W

zxel = DDq W' L2ph = zxel;

If[L2ph < L, intL = L2ph, intL = L] ;

TFAWS- 2016

)

Void Fraction and Quality (Zivi, 1964)

— 1-xe[z] 2/3\-1
oo sl e

PF[z ] :=7nDD (1 - af[z]): PE[z_] :=7nDD;
PH = x DD

0.015708

Plot[{xe[z], a[z]}, {z, zxe0 + .00001, intL}, Frame - True,

FrameLabel » {"z [m]", "x., a", "a-Orange, X.-Blue",6 ""},

LabelStyle » (FontSize - 18) , FrameTicks - Automatic,
FrameTicksStyle » Black, GridLines - Automatic,
GridLinesStyle » Directive[Dotted, Gray],

PlotRange -» {{0, L}, {0, 1}}]

1.0

a-0Orange, x.-Blue

0.8 ! I
.
.08 /
&
0.4 :

020 /o

0 i i i i
oo 0.05 0.10 0.15 0.20 0.25
z [m]

Friction Factors on the Liquid and Gas Sides

££[z ] :=
Piccewise[{[16 (G (- x:f[z]) DD)J, (G a ’x:f[z]) DD) <2000},

{078 (W)JS, 2000 < (W) < 20000},
.01 (s (lfx:f[z]) nn)—-?l (s (lfx:f[z]) nn) + 20000} ]

fg[z ] :=

Piecewise[{{lﬁ (G (xe‘E:]) DD)J, (G (xeﬁ;]) DD) < 2000}.
{.079 (W)_'H, 2000 < (W) <20 ooo},
{.045 (G (xeft:” DD)“Z, (G (xeft:” DD) > 20 noo}}]

DROP IN SEPARATED

=2))

Constant CNon-Boiling

cClz ] :=

Piecewise[{{s, (W) <2000 && (G ("elz” DD) 2000},

{12 (G s xe[z]) DD) < 2000 && 2000 < (G (xe[z]) DD)}

{10, 2000 < (G (T ":f[zl) DD) && (G(xe[;nnn)

{20, 2000 < (w) && 2000 < (G (xelz” DD)}}]

< 2ooo},

uf

Constant Cgojling

ccM[z ] :=
Piecewise[
{{cctz1 (1 + 530 WeNumEo > (BoNum BH / PF[2]) %),
(G (1 -xe[z]) DD
uf
{CC[Z] (1 + 60 WeNum£0"3? (BoNum PH/ PF[z]) %),

(s (l—x:f[z]) DD) >20°0} }]

) < 2000},

Frictional, Acceleration and Gravitational
Pressure Gradients

dpdzF[z_] :=
% 2@’ vE££[z] (1-xe[z])?

CCM[z] . vg fg[z] xe[=z]?
vEff[z] (1-xe[z])?

vE££[z] (1-xe[z])2

vg £g[=z] xe[=z]2

dpdzA[z ] := c?

of ((xe[z])2vg L Lo (xefz]))® 71)
al[z] vE (l-a[z])
(n[z] , Q-alz])
£

dpdzG[z_] := va

gsSin[e]

Integrated Pressure Drop, AP= LL— (dp/dz)dz

APF[z_] := NIntegrate[dpdzF[zz], {zz, xe0, z}]
(xe[z])?vg  (1- (xe[z]))’ _1)
a[z] vE (1-a[z])
APG[z_] := NIntegrate([dpdzG([zz], {zz, zxe0, z}]

APA[z_] :=G’vE (
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Plot[{APF[z], APA[z], APG[z], APF[z] + APA[z] + APG[z]},
{z, zxe0 + .00001, intL}, Frame - True,
FrameLabel » {"z [m]", "APr, AP, APg, APy [Pa]l",
"APr-Blue, AP,-Orange, AP;-Green, APp-Red", ""},
LabelStyle » (FontSize » 18) , FrameTicks » Automatic,
FrameTicksStyle » Black, GridLines » Automatic,
GridLinesStyle » Directive[Dotted, Gray], PlotRange —» All]

APg-Blue, AP 4-Orange, AP5-Green, AP7-Red
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